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APPARATUS AND METHODS FOR 
MONITORING CONTAMINATION OF AN 
OPTICAL COMPONENT IN AN OPTICAL 

SYSTEM 

FIELD OF THE INVENTION 

The present invention pertains to monitoring apparatus 
that detect the state of contamination of optical components 
of an optical system (e.g., microscope, analysis device, or 
microlithography apparatus) that utiliZes electromagnetic 
radiation such as X-rays or ultraviolet light, or a charged 
particle beam. The invention also pertains to optical systems 
(e.g., microscope, analysis device, or microlithography 
apparatus) including such a monitoring apparatus. The 
invention also pertains to microlithography methods includ 
ing contaminant-monitoring of certain optical components. 

BACKGROUND OF THE INVENTION 

X-rays produced by synchrotron radiation have high 
brightness and variable Wavelength, and hence are used as 
X-ray sources for X-ray analysis devices, X-ray 
microscopes, and X-ray microlithography (projection 
exposure) apparatus. Another useful X-ray source is a laser 
plasma X-ray source (abbreviated “LPX” source). In an LPX 
source, a pulsed laser light beam is focused onto a target 
substance contained inside a vacuum chamber. The pulses of 
laser light impinging on the target substance create a plasma 
that emits X-rays. The X-rays radiating from the plasma are 
extracted and formed into an X-ray beam. LPX sources have 
a brightness comparable to that of synchrotron sources, and 
have the advantage of compactness. Consequently, LPX 
sources have been under intensive development recently as 
the X-ray source of choice for various applications. 

Other X-ray sources that are attracting attention utiliZe a 
so-called “Z-pinch” plasma, dense plasma focus, or plasma 
created by a discharge in a capillary. These sources are 
relatively inexpensive. 

In an X-ray microlithography apparatus, a reticle 
(de?ning a pattern) is irradiated by an X-ray beam from a 
source. After irradiating the reticle, the X-ray beam is 
manipulated and directed to form a corresponding image of 
the pattern on a suitable substrate (e.g., semiconductor 
Wafer) previously “sensitized” With a coating of an appro 
priate “resist.” The X-ray beam is manipulated and directed 
using X-ray optical components (mainly specialiZed 
mirrors). The Wavelength of X-rays used in conventional 
X-ray microlithography apparatus is in the extreme ultra 
violet region, having a Wavelength in the range of a feW 
nanometers to approximately 50 nanometers. These X-rays 
are termed “soft” X-rays. Since many substances are highly 
absorptive to radiation in this range of Wavelengths, adhe 
sion of even a slight amount of a contaminant substance to 
an X-ray optical component can cause a conspicuous dete 
rioration in the optical characteristics (e.g., re?ectivity and 
transmissivity) of the X-ray optical component. 

In optical devices that use soft X-rays, the optical path 
typically is evacuated to high vacuum to eliminate attenu 
ation of the X-rays by the atmosphere. Accordingly, the 
X-ray optical components are enclosed in a vacuum 
chamber, and the interior of the vacuum chamber is evacu 
ated to high vacuum using a suitable vacuum device such as 
a rotary-vane pump or diffusion pump, etc. Unfortunately, 
these vacuum devices tend to produce a slight back-?ow of 
pump-oil vapor into the vacuum chamber during operation, 
thereby introducing oil molecules into the vacuum chamber. 
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2 
Also, the resist tends to outgas in a vacuum. With extended 
operation, these introduced oil molecules and resist-outgas 
molecules tend to accumulate on the X-ray optical compo 
nents inside the vacuum chamber, causing progressive dete 
rioration of the optical characteristics of the X-ray optical 
components. 

In addition, LPX and discharge-plasma X-ray sources 
tend to produce particulate debris from the plasma and/or 
from structures located near the plasma. The debris can 
adhere to a nearby X-ray optical component, causing the 
optical characteristics of the optical component to deterio 
rate. Such deterioration can result in a decline in throughput 
of the apparatus itself. 

In conventional microlithography apparatus, there cur 
rently is no practical technique With Which to monitor the 
degree of contamination of the optical components during 
operation of the apparatus. Rather, Whenever an exposure 
dosage applied to the object of irradiation has degraded to an 
insufficient level from repeated or prolonged operation of 
the apparatus, contamination of the optical components is 
suspected and corrective action taken. 

For example, in the case of an X-ray microscope employ 
ing an LPX source, ten “shots” normally are required to 
obtain a clear image. Whenever the number of shots required 
to obtain a suitably clear image increases to, say, 20 shots, 
the X-ray optical components of the microscope are deemed 
to be excessively contaminated. In X-ray microlithography 
apparatus, the constituent X-ray optical components are 
deemed contaminated When the time required to achieve 
transfer of a pattern having a certain minimum lineWidth 
becomes excessively long. 

In each of the foregoing methods, the presence or absence 
of contamination of the optical components is adjudged only 
after the contamination has begun to exert a large adverse 
in?uence on operation of the apparatus. In other Words, the 
presence or absence of contamination of the optical com 
ponents is unknoWn until the effects of contamination are 
manifest to an apparent unacceptable degree. 

SUMMARY OF THE INVENTION 

In vieW of the problems of the prior art, as summariZed 
above, an object of the present invention is to provide 
apparatus and methods With Which the state of sur?cial 
contamination of an optical component in an optical system 
is measured. Another object is to provide any of various 
optical systems, such as an X-ray microlithography 
apparatus, With Which one or more constituent optical com 
ponents can be monitored for contaminant accumulation so 
as to alloW the need for cleaning or replacement of the 
optical component to be determined. 

To such ends, and according to a ?rst aspect of the 
invention, apparatus are provided for measuring accumula 
tion of a contaminant substance on a surface of an optical 
component that, during use, is irradiated With radiation. An 
embodiment of such an apparatus comprises a contaminant 
measuring means situated and con?gured to perform several 
tasks. First, the contaminant-measuring means detects elec 
trons emitted by the optical component in response to the 
optical component being irradiated With the radiation. Of the 
detected electrons, the contaminant-measuring means 
selects electrons in a speci?ed energy range, and obtains a 
measurement of the detected electrons in the speci?ed 
energy range so as to obtain a measurement of a correspond 
ing amount of accumulated contaminant substance on the 
optical component. An exemplary measurement is of the 
quantity of electrons in the speci?ed energy range. 
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In this apparatus, the radiation can be electromagnetic 
radiation (e.g., X-rays or ultraviolet radiation) or charged 
particle-beam radiation (e.g., an electron beam) suf?cient to 
cause emission of electrons (e.g., photoelectrons and/or 
Auger electrons) from a surface of the optical component 
irradiated With the radiation. 

The apparatus also can include means for irradiating the 
optical component. Such means can be, for example, an 
X-ray optical system situated and con?gured to direct an 
X-ray beam from a source to the optical component. 

The contaminant-measuring means can comprise detec 
tion means for detecting electrons emitted from the optical 
component, Wherein the detection means produces an output 
signal having a parameter corresponding to a detected 
parameter of the electrons Within the speci?ed energy range. 
The detected parameter can be, for example, time of ?ight of 
the electrons. Generally, the number of electrons emitted 
from the optical component changes (typically is reduced) 
Whenever a contaminant substance accumulates on the opti 
cal component. Hence, the contaminant-measuring means is 
con?gured such that the state of contamination of the optical 
component is detected by measuring the quantity of elec 
trons in the speci?ed energy range. 

Typically, such as in an X-ray optical system, the optical 
component is a re?ective component that comprises a sur? 
cial material. In such an instance, the energy range can be 
speci?ed based on a characteristic of the sur?cial material 
and on an energy parameter of the radiation impinging on 
the sur?cial material. Alternatively or in addition, the energy 
range can be speci?ed based on a particular contaminant 
substance predicted to adhere to the optical component. 

Further alternatively, the contaminant-measuring means 
can comprise a substance-identi?cation means con?gured to 
produce a spectrum of detected electrons in the speci?ed 
energy range. The spectrum, in such a con?guration, can be 
based on the sur?cial material, the particular contaminant 
substance that could adhere to the sur?cial material, and on 
an energy parameter of the radiation. In general, the bond 
energy of electrons varies according to the particular irra 
diated substance from Which the electrons are emitted. 
Hence, electrons emitted in response to incident radiation 
(e.g., electromagnetic radiation) having a particular fre 
quency have a different energy according to the particular 
substance. This difference alloWs contaminant accumulation 
to be monitored readily. 

The substance-identi?cation means can be con?gured to 
identify the contaminant substance by evaluating respective 
positions and magnitudes of one or more spectral peaks in 
the spectrum. The speci?ed energy range can include a ?rst 
energy range based on a characteristic of the sur?cial 
material and on an energy parameter of the radiation, and a 
second energy range based on a particular contaminant 
substance predicted to adhere to the optical component and 
on the energy parameter of the radiation. In the latter 
con?guration, the substance-identi?cation means is con?g 
ured to determine respective numbers of electrons in each of 
the ?rst and second energy ranges. 

The contaminant-measuring means can be con?gured to 
detect electrons in the ?rst energy range so as to produce a 
?rst signal, and to detect electrons in the second energy 
range so as to produce a second signal. The contaminant 
measuring means in this con?guration obtains a measure 
ment of a state of contamination of the optical component by 
comparing the ?rst and second signals. 

The contaminant-measuring means can comprise detec 
tion means With Which electrons are detected that are 
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4 
emitted Within a speci?ed angular range from the optical 
component. The detection means produces an output signal 
having a parameter corresponding to a detected parameter of 
the electrons Within the speci?ed energy range. In such a 
con?guration, the contaminant-measuring means can com 
prise means for varying a detection angle of said detection 
means relative to the optical component. 

Generally, the distance in Which electrons emitted from a 
substance can pass through a physical object and escape 
Without undergoing inelastic scattering depends on the 
energy of the emitted electrons. Accordingly, Whenever 
electrons are emitted in a direction perpendicular to the 
surface of the substance, it is possible to measure electrons 
that are emitted from locations deeper Within the substance 
than otherWise possible With electrons emitted at other 
angles relative to the surface. Hence, the depth at Which 
emitted electrons can be detected can be varied by varying 
the detection angle of the detection means. 

The optical component (e.g., X-ray mirror, ?lter, reticle, 
etc.) can be provided With a sur?cial material that emits 
electrons of a speci?ed energy Whenever the optical com 
ponent is irradiated. For example, if emission of electrons 
does not occur from an optical component of interest, the 
optical component can be provided With a sur?cial layer of 
a substance having a loWer bond energy than the material 
initially on the surface of the component. Hence, the optical 
component noW can be monitored. 

Another embodiment of an apparatus for measuring accu 
mulation of a contaminant substance on a surface of an 

optical component comprises a detector and a processor. The 
detector is situated relative to the optical component so as to 
receive electrons emitted by the optical component in 
response to the optical component being irradiated With the 
radiation. The detector is con?gured to detect the electrons 
emitted from the optical component and produce a corre 
sponding output signal. The processor is connected to the 
detector, and is con?gured to select, for data processing by 
the processor, at least a portion of the output signal corre 
sponding to detected electrons in a speci?ed energy range. 
The processor also obtains a measurement of the detected 
electrons in the selected energy range. As noted above, the 
electrons can be photoelectrons and/or Auger electrons. 

In this embodiment, the speci?ed energy range can be 
determined based on a characteristic of a material from 
Which the optical component is made and on an energy 
characteristic of the radiation. For example, the optical 
component can be a multi-layer mirror, in Which instance the 
material is con?gured as an outermost layer of the mirror. 

As noted With the previous embodiment summariZed 
above, the speci?ed energy range can be determined based 
on a characteristic of a contaminant substance predicted to 
attach to the optical component and on an energy charac 
teristic of the radiation. The detector can comprise a sub 
stance identi?er that produces a spectrum of electrons Within 
the speci?ed energy range. In the latter instance, the speci 
?ed energy range can be determined based on a character 
istic of a material from Which the optical component is 
made, and the processor can be con?gured to determine peak 
values Within the spectrum and to identify the contaminant 
substance adhering to the optical component from the peak 
values of the spectrum. 

The processor can be a computer and/or can comprise 
discrete portions. For example, the processor can comprise 
a signal processor, a selector, a comparator, and a memory. 
The signal processor is con?gured to process the output 
signal from the detector. The selector is connected to the 
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signal processor and is con?gured to determine the speci?ed 
energy range. The comparator is connected to the selector 
and is con?gured to compare a detected quantity of electrons 
in the speci?ed energy range to a threshold value. The 
memory is connected to the comparator and is con?gured to 
store data corresponding to the threshold value. 

According to another aspect of the invention, methods are 
provided for, With respect to an optical system comprising an 
optical component that is irradiated With radiation during 
use, measuring accumulation of a contaminant substance on 
the irradiated surface of the optical component. In an 
embodiment of the method, a beam of radiation is directed 
to impinge on the surface. The radiation desirably is of a 
quality that causes the surface to emit electrons in response 
to being irradiated With the radiation. Electrons emitted from 
the irradiated surface are detected. Of the detected electrons, 
electrons are selected that are in a speci?ed energy range. 
The detected electrons in the speci?ed energy range are 
measured so as to obtain a measurement of a corresponding 
amount of accumulated contaminant substance on the sur 
face. The beam comprising the radiation can be a beam of 
electromagnetic radiation such as X-rays or ultraviolet light, 
or a beam of charged particles such as an electron beam. 

In the above-summariZed method, the step of measuring 
the detected electrons can be performed ?rst and second 
times, Wherein the second time is later than the ?rst time and 
the optical component is used betWeen the ?rst and second 
times. In such an instance, the method can further comprise 
the step of comparing respective measurements of electrons 
obtained in the ?rst and second times. 

Alternatively, the step of measuring the detected electrons 
can comprise comparing a detected quantity of electrons in 
the speci?ed energy range to a threshold value, and deter 
mining Whether the detected quantity eXceeds the threshold 
value. 

Further alternatively, the step of measuring the detected 
electrons can comprise producing a spectrum of detected 
electrons in the speci?ed energy range, and evaluating 
respective positions and magnitudes of one or more spectral 
peaks in the spectrum. In this embodiment, electrons can be 
selected in both a ?rst energy range and in a second energy 
range. The ?rst energy range can be based on a characteristic 
of a material from Which the surface is made, and the second 
energy range can be based on a characteristic of a contami 
nant substance predicted to adhere to the optical component 
during use. In such an instance, respective numbers of 
electrons in each of the ?rst and second energy ranges are 
determined. The method can further include the step of 
comparing the respective detected numbers of electrons in 
the ?rst and second energy ranges. 

Yet another aspect of the invention is utiliZed in optical 
apparatus in Which the surface of an object is irradiated With 
X-rays or other radiation capable of causing an irradiated 
surface to emit electrons. Speci?cally, in this aspect, a 
device is provided for monitoring accumulation of a con 
taminant substance on an optical component of the optical 
apparatus. An embodiment of the device comprises an 
illumination-optical system, a detector, and a processor. The 
illumination-optical system is situated and con?gured to 
direct a beam of radiation (e.g., X-rays) from a radiation 
source along a trajectory leading to the optical component. 
The detector is situated relative to the optical component so 
as to receive electrons emitted by the optical component in 
response to the optical component being irradiated With the 
beam of radiation. The detector is con?gured to detect the 
electrons emitted from the optical component and produce a 
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corresponding output signal. The processor is connected to 
the detector, and is con?gured to select at least a portion of 
the output signal corresponding to detected electrons in a 
speci?ed energy range. The processor also is con?gured to 
determine a measurement of the detected electrons in the 
selected energy range, and to determine an amount of 
sur?cial contamination of the optical component With the 
contaminant substance from the measurement. The overall 
apparatus can be any of various microlithography apparatus, 
for example, such as an X-ray microlithography apparatus. 
The apparatus can include a projection-optical system, 

Wherein the optical component is in the projection-optical 
system. In such an instance, the optical component can be, 
for eXample, an X-ray-re?ective mirror. 
The apparatus can include a vacuum chamber enclosing 

the projection-optical system. In such a con?guration, the 
vacuum chamber typically is connected via an evacuation 
port to a vacuum pump (Which represents a source of 
contamination to adjacent components). Hence, the optical 
component desirably Would be one that is situated adjacent 
the evacuation port. Alternatively or in addition, a monitored 
optical component can be one that is situated in the 
projection-optical system adjacent a substrate eXposed by 
the X-ray beam. This is because the substrate typically is 
coated With a resist, Which also represents a source of 
contamination to adjacent optical components. 

According to yet another aspect of the invention, methods 
are provided, in the conteXt of a method for performing 
microlithography of a substrate With a pattern using an 
energy beam passing through an optical system, for mea 
suring accumulation of a contaminant substance on a surface 
of an optical component of the optical system. In an embodi 
ment of such a method, a beam of radiation is directed to 
impinge on the surface. The radiation is of a quality that 
causes the surface to emit electrons in response to being 
irradiated With the radiation. Electrons emitted from the 
surface are detected. Of the detected electrons, electrons in 
a speci?ed energy range are selected. The detected electrons 
in the speci?ed energy range are detected so as to obtain a 
measurement of a corresponding amount of accumulated 
contaminant substance on the surface. Hence, it is possible 
to perform microlithographic eXposure While also monitor 
ing the state of contamination of one or more optical 
components. 
The foregoing and additional features and advantages of 

the invention Will be more readily apparent from the fol 
loWing detailed description, Which proceeds With reference 
to the accompanying draWings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a schematic optical diagram of an X-ray microli 
thography apparatus according to a ?rst representative 
embodiment of the present invention. 

FIG. 2 is a schematic optical diagram of the illumination 
optical system of the FIG.-1 embodiment. 

FIG. 3 is a schematic optical diagram of the second 
projection-optical system of the FIG.-1 embodiment. 

FIG. 4 is a graph shoWing the correlation betWeen the 
escape depth of photoelectrons or Auger electrons from a 
substance and the energy of these electrons (from Hiifner, 
Photoelectron Spectroscopy, Springer Verlag, 1995, p. 8). 

FIG. 5 is a block diagram of the processor of the FIG.-1 
embodiment. 

FIG. 6 is a schematic optical diagram of an X-ray microli 
thography apparatus according to a ?fth representative 
embodiment of the invention. 



US 6,545,272 B1 
7 

FIGS. 7(a)—7(b) schematically depict the relationship 
between the angle of an energy detector relative to the 
surface of an optical component and the detectable depth of 
emitted electrons from the optical component as detected by 
the energy detector. 

DETAILED DESCRIPTION 

The invention is described beloW in the context of rep 
resentative embodiments. It Will be understood, hoWever, 
that the invention is not limited to these embodiments. 

Representative Embodiment 1 

An X-ray microlithography apparatus according to this 
embodiment is shoWn in FIG. 1. The FIG.-1 embodiment 
performs projection-exposure using a step-and-scan mode of 
operation, and utiliZes “soft” X-rays as an illumination light 
for exposure. The FIG.-1 apparatus comprises, inter alia, a 
light-source system 1 that produces a beam of soft X-rays, 
an exposure system 2 that irradiates a re?ective reticle With 
the X-ray beam and projects an image of the reticle onto a 
substrate (Wafer), and a detection system (comprising detec 
tors 3a, 3b) that measures the state of contamination of 
certain respective adjacent components of the exposure 
system 2. 

In this embodiment, the light-source system 1 is a laser 
plasma X-ray (LPX) source, comprising a laser 10, a beam 
splitter 6, a lens 12 that focuses the light emitted from the 
laser 10, and a vacuum chamber 11. The laser 10 produces 
a pulsed laser beam 101. The vacuum chamber 11 comprises 
a WindoW 13 transmissive to the laser beam 101, a noZZle 14 
that introduces a gas of a target substance into the vacuum 
chamber 11, a parabolic mirror 17 that re?ects emitted 
X-rays in a speci?ed direction, and a WindoW 18 through 
Which X-rays pass out of the vacuum chamber 11. 

The pulsed laser light 101 emitted from the laser 10 passes 
through the beamsplitter 6 and is refracted by the lens 12. 
The refracted laser light passes through the WindoW 13 and 
is focused at a point inside the vacuum chamber 11. 

MeanWhile, a suitable gas (e.g., xenon) constituting a 
“target substance” passes from a supply through a feed 
through 20 into the vacuum chamber 11. The gas is dis 
charged into the vacuum chamber 11 through the noZZle 14. 
The noZZle 14 desirably is con?gured as a pulsed-jet noZZle 
to introduce the target gas as discrete jet pulses into the 
vacuum chamber 11. To such end, the noZZle 14 is con?g 
ured to turn on and off very accurately to produce, for 
example, discrete 500-microsecond pulses of the target gas. 
The noZZle 14 also desirably operates With a substantial 
back-pressure (e.g., 50 atmospheres) to better de?ne the 
pulses of target gas. 

Each pulse of target gas jetting into the vacuum chamber 
11 from the noZZle 14 exhibits an abrupt drop in temperature 
due to adiabatic free expansion. This temperature drop 
causes atoms of the target gas to adhere to each other due to 
van der Waals forces, causing formation of clusters 15 of the 
target gas each containing several tens to several tens of 
thousands of atoms of the target gas. Whenever a cluster 15 
is irradiated With a pulse of laser light 101 (as focused by the 
lens 12), a plasma 16 is produced. In actual practice, each 
cluster 15 encounters a pulse of the laser light 101 several 
hundred microseconds after discharge of the pulse of target 
gas from the noZZle 14. 

The plasma 16 produces X-rays that radiate aWay from 
the cluster. The X-rays, thus emitted in pulsatile form, re?ect 
from the parabolic mirror 17, Which is situated in the vicinity 
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of the noZZle 14 to ensure that the X-ray pulses propagate in 
a speci?ed direction aWay from the mirror 17. To re?ect 
X-rays, the mirror 17 comprises a multi-layer sur?cial ?lm. 
The 3-D pro?le of the mirror 17 is generated by rotating a 
parabola. The mirror 17 is positioned such that X-rays 
re?ected from it propagate as essentially parallel rays. 
The X-rays re?ected from the mirror 17 pass through the 

WindoW 18. The WindoW 18 includes an X-ray ?lter to block 
visible light so that only X-rays pass through the WindoW 18. 
The X-rays then enter another vacuum chamber housing the 
exposure system 2. 
The intensity of the X-rays produced by the light-source 

system 1 varies according to the energy of the pulsed laser 
beam 101. To monitor the beam energy, a portion of the 
beam 101 is split off by the beamsplitter 6 and directed to a 
light detector monitor 19 that continuously monitors the 
beam. Thus, the intensity of the X-rays is estimated by 
monitoring the energy per pulse of the laser light produced 
by the laser 10, or by determining a mean energy produced 
by a de?ned number of laser pulses. 

The exposure system 2 comprises an illumination-optical 
system 21; mirrors 22, 23 that form a ?rst projection-optical 
system; a second projection-optical system 24, and a ?lter 
25. The exposure system 2 utiliZes a re?ective reticle 110 
that de?nes the circuit pattern to be projected, and a sub 
strate 26 to Which the reticle pattern is “transferred.” 
The X-rays produced by the light-source system 1 ?rst 

enter the illumination-optical system 21, of Which certain 
details are shoWn in FIG. 2. The illumination-optical system 
21 comprises a mirror 201, a ?rst re?ective-element group 
202a, a second re?ective-element group 202b, and a con 
denser mirror 203. The ?rst and second re?ective-element 
groups 202a, 202b collectively constitute a re?ective-type 
?y-eye optical system 202, as disclosed in Japanese Kokai 
(laid-open) Patent Application No. 10-47400. 
The essentially collimated beam of X-ray pulses re?ected 

from the parabolic mirror 17 of the light-source system 1 is 
re?ected by the mirror 201. The re?ected rays propagate to 
the ?rst re?ective-element group 202a. The ?rst re?ective 
element group 202a comprises an array of multiple re?ec 
tive surfaces (i.e., a plurality of small mirror elements). 
From the ?rst re?ective-element group 202a, the rays propa 
gate to the second re?ective-element group 202b that com 
prises an array of re?ective surfaces that differ from the 
respective re?ective surfaces of the ?rst re?ective-element 
group 202a. 

In the re?ective type ?y-eye optical system 202, the ?rst 
re?ective-element group 202a subjects the X-rays from the 
light-source system 1 to Wavefront division to produce a 
plurality of light-source images doWnstream of the ?rst 
re?ective-element group 202a. The second re?ective 
element group 202b is situated at or near Where the plurality 
of light-source images are formed. The individual re?ective 
surfaces (one for each respective Wavefront) of the second 
re?ective-element group 202b re?ects the X-rays toWard the 
condenser mirror 203. Hence, the second re?ective-element 
group 202b also functions as a ?eld mirror directing the 
plurality of light-source images to the condenser mirror 203. 
The focal position of the condenser mirror 203 is situated in 
the vicinity of the position Where light-source images are 
formed by the ?rst re?ective-element group 202a. X-rays 
re?ected from the condenser mirror 203 propagate to the 
reticle 110 to illuminate a speci?ed region on the reticle 110 
uniformly. I.e., the individual light-source images desirably 
illuminate the speci?ed region on the reticle 110 in an 
overlapping manner (due to the action of the ?y-eye optical 
system) to illuminate the region uniformly. 
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X-rays re?ected by the reticle 110 are re?ected by the 
mirrors 22, 23 (collectively constituting the ?rst projection 
optical system) and then enter the second projection-optical 
system 24. The second projection-optical system 24, as 
shoWn in FIG. 3, comprises multiple re?ective mirrors 
24a—24e. The ?rst mirror 24a has a concave pro?le; the 
second mirror 24b has a convex pro?le; the third mirror 24c 
has a convex pro?le; and the fourth mirror 24d has a concave 
pro?le. The ?fth mirror 246 has a concave pro?le and is used 
to conduct the X-rays re?ected by the mirror 23 to the ?rst 
mirror 24a. The ?rst mirror 24a and second mirror 24d are 
situated and oriented so that their respective optical axes are 
coincident at a common axis AX. The ?rst mirror 24a, 
second mirror 24b, and fourth mirror 24d de?ne respective 
cut-outs so as not to block the light path collectively de?ned 
by the mirrors 24a—24d. 

The X-rays re?ected by the reticle 110 are formed by the 
second projection-optical system 24 into a “reduced” 
(demagni?ed) image of the reticle pattern on the substrate 
26. The image is smaller than the reticle pattern by a 
speci?ed demagni?cation ratio [3 (e.g., |[3|=%, 1/5, or 1/6). 

Although not shoWn in FIG. 1, the reticle 110 is mounted 
to and supported by a reticle stage that is movable in at least 
one dimension. Similarly, the substrate 26 is mounted to and 
supported by a substrate stage that desirably is movable in 
three dimensions. During scanning exposure of the substrate 
26, the substrate stage is moved in a speci?ed direction and 
at a speci?ed velocity dictated by the demagni?cation ratio 
of the second projection-optical system 24. MeanWhile, the 
reticle stage is moved in a speci?ed direction and velocity. 
By such coordinated movements, the reticle pattern is 
scanned and exposed Within speci?ed “shot” regions on the 
surface of the substrate 26. 

Each of the re?ective mirrors discussed above comprises 
a sur?cial multi-layer ?lm for re?ecting X-rays. Desirably, 
the multi-layer ?lm consists of alternating layers of molyb 
denum and silicon. The period of the layers of the ?lm is set 
so that the peak Wavelength of the re?ected X-rays is 13.5 
nm. The reticle 110 is constructed similarly. 

The vacuum chamber enclosing the exposure system 2 
includes an evacuation port 211 through Which the atmo 
sphere inside the chamber is evacuated. To such end, the 
evacuation port 211 is connected to a vacuum pump 212. 
During operation, the vacuum chamber is maintained at a 
subatmospheric pressure. 

The detectors 3a, 3b are used for measuring the state of 
contamination of respective adjacent optical components of 
the exposure system 2. The detectors 3a, 3b are located 
inside the vacuum chamber enclosing the exposure system 
2, and are situated in the vicinity of the optical elements that 
most likely are to be contaminated during use. 

Impingement of X-rays on the surface of an optical 
component tends to cause emission of photoelectrons from 
the surface of the optical component. (A similar phenom 
enon occurs When surfaces of certain materials are irradiated 
With other types of electromagnetic radiation, such as ultra 
violet radiation, or electrons.) If the incident X-rays are 
sufficiently monochromatic, then the energy of photoelec 
trons emitted from the surface of the optical component is 
determined by the energy of the incident X-rays and on the 
material constituting the surface of the optical component. 
Speci?cally, Where Ex is the photon energy of the X-rays, 
and Eb is the bond energy of the material constituting the 
surface of the optical component, the energy Ep of emitted 
photoelectrons is equal to the difference Ex—Eb (ignoring the 
Work function). The energy range of the photoelectrons is 
substantially the same as the energy range of the X-rays. 
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The “escape depth” is the average depthWise distance 

(from the surface of a substance) Within Which photoelec 
trons can escape from the surface of the substance Without 
undergoing inelastic scattering. The escape depth depends 
on the energy of the photoelectrons. FIG. 4 shoWs the 
relationship betWeen escape depth and photoelectron energy. 
The abscissa (horiZontal axis) of FIG. 4 is photoelectron 
energy, and the ordinate (vertical axis) is escape depth. 
As is evident in FIG. 4, the escape depth ranges from 

several Angstroms to several tens of Angstroms Whenever 
the energy range of the photoelectrons is several tens of eV 
to 1 KeV. Such an escape depth is extremely shalloW. Under 
such conditions, a deposit of a contaminant substance (even 
an extremely thin deposit) on the surface of an optical 
component Will reduce or prevent the emission of photo 
electrons from the material constituting the optical compo 
nent. An apparatus according to this embodiment exploits 
this phenomenon to provide monitoring of contaminant 
deposition on certain optical components. 

For example, an apparatus according to this embodiment 
can be used for monitoring, in an X-ray microlithography 
apparatus, (1) surface contamination of certain optical com 
ponents by detecting photoelectrons emitted from the 
optical-component surfaces Whenever the surfaces are irra 
diated by X-rays, (2) selecting data relating to the photo 
electrons emitted from the surfaces so as to distinguish 
Whether and to What extent the surfaces have become 
contaminated, and (3) monitoring the quantity of photoelec 
trons produced over time to ascertain the rate of contami 
nation. More speci?cally, the surfaces of the optical com 
ponents are irradiated With X-rays so as to produce 
photoelectrons having an energy of several tens of eV to 
about 1 KeV (Which is the usual range of bond energy of 
substances normally used to form the sur?cial layers on an 
X-ray optical component). The emitted photoelectrons are 
selected on the basis of energy so as to alloW detection of 
photoelectrons in a speci?ed energy range. Thus, photoelec 
trons can be selected that are emitted from the actual 
substance constituting the top-most layer. The selected pho 
toelectrons are quanti?ed. If the number of selected and 
detected photoelectrons exhibits a decline over time, then it 
can be inferred that contaminant molecules have become 
adhered to the irradiated surface. By comparing the detected 
number of photoelectrons With a threshold value, a deter 
mination can be made of Whether to clean or replace the 
subject optical component. 

It Will be understood that the detected electrons are not 
limited to photoelectrons. The state of sur?cial contamina 
tion also can be determined by measuring Auger electrons 
emitted from an irradiated surface. Auger electrons can be 
produced Whenever a material is irradiated With energetic 
radiation such as an electron beam, a beam of ultraviolet 
light, or a beam of X-rays. For example, Whenever a material 
is irradiated by X-rays, an X-ray quantum can strike an 
electron in an atom of the surface material. If the struck 
electron is emitted as a photoelectron, a “hole” or vacancy 
is left. It is energetically favorable for an electron from an 
adjacent level to shift to and recombine With the hole Where 
the recombining electron experiences a drop in energy. The 
excess energy and momentum of the recombining electron 
and hole are shifted to an “Auger electron” emitted from the 
material. In a vacuum, the Auger electron has an energy Ea 
obtained by subtracting a sum (E1+E2) from the bond energy 
Eb of the photoelectron, Wherein E1 is the energy of the 
electron ?lling the hole and E2 is the bond energy of the 
electron emitted as an Auger electron. I.e., Ea=Eb—(E1+E2). 
As With photoelectrons, Auger electrons can have an 

energy Within a range of several tens of eV to approximately 
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1 KeV. Accordingly, as With photoelectrons, the escape 
depth of Auger electrons is extremely shallow. Hence, as 
With photoelectrons, the state of contamination of an optical 
component can be detected by selecting and quantifying 
Auger electrons emitted from the surface of the optical 
component. (Auger electrons have a particular energy 
regardless of the Wavelength of an incident X-ray and the 
energy of incident electrons. Because a database of energy 
of Auger electrons already exists for each chemical element, 
Auger electrons can be distinguished from photoelectrons.) 

Thus, the detectors 3a, 3b detect photoelectrons or Auger 
electrons, Within a speci?ed energy range, produced by a 
respective adjacent optical component 23, 25. The speci?ed 
energy range typically is a portion of the overall energy 
range of photoelectrons or Auger electrons emitted from the 
respective optical component. From the resulting data, the 
detectors 3a, 3b can determine the state of contamination of 
the respective optical components. 

To perform detections in the manner summariZed above, 
the detector 3a, 3b desirably is con?gured as a “time-of 
?ight” (TOF)-type analyZer. A typical TOF-type analyZer 
comprises a magnetically shielded ?ight tube 33a, 33b and 
a micro-channel plate 34a, 34b for detecting photoelectrons 
or Auger electrons. Each ?ight tube 33a, 33b includes mesh 
electrodes 31a, 31b and 32a, 32b, respectively, Which are 
used to apply an inhibiting electric ?eld to the photoelec 
trons or Auger electrons (to loWer their energy) propagating 
through the respective ?ight tube. As an analysis technique, 
TOF is Well suited for use in situations involving a pulsed 
light source (such as the laser 10). Also, because TOF 
exhibits a higher electron-detection ef?ciency than other 
analysis techniques, electrons are detected With good sen 
sitivity. 

In the TOP technique, Whenever an object being tested is 
irradiated With X-rays from a pulsed X-ray source for a very 
short period of time (e.g., a feW nanoseconds or less), 
photoelectrons are emitted more or less simultaneously from 
an irradiated object (Within the same time period as the 
corresponding pulse of X-rays impinging on the object). The 
emitted electrons collectively have a range of energies; 
electrons having relatively high energy have a correspond 
ingly higher velocity than loWer-energy electrons. Hence, 
the higher-energy electrons reach the detectors 3a, 3b 
quickly, and the loWer-energy electrons reach the detectors 
3a, 3b more sloWly. 

More speci?cally, the relationship of the energy of an 
emitted electron, the mass of the electron, the distance 
(L) from the irradiated object to the detector, and the time 
(T) required by the electron to reach a detector is expressed 
by the folloWing: 

(1) 

Accordingly, if the distance L to a detector 3a, 3b is knoWn, 
then the energy of the emitted electrons can be ascertained 
by measuring the time of ?ight T of the electrons. 

The energy resolution obtained in TOF-type analysis is 
given by Equation (2): 

2E (2) 

Here, 6T is the temporal Width of the system, Which includes 
the temporal pulse Width of the X-rays, the response time of 
the detector, etc. If 6T is ?xed, then energy resolution is 
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improved With increasing time of ?ight T. Accordingly, in 
the detectors 3a, 3b used in this embodiment, energy reso 
lution is improved by applying an inhibiting electric ?eld to 
loWer the energy E of electrons entering the detectors. 
LoWering the electron energy correspondingly prolongs the 
time of ?ight T. Increasing the energy resolution alloWs ?ner 
energy spectra to be detected. 

In the FIG.-1 con?guration, the detectors 3a, 3b monitor 
the state of contamination of the mirror 23 and ?lter 25, 
respectively. The mirror 23 is situated nearest the vacuum 
pump 212 of all components in the exposure system 2, and 
thus is most vulnerable to contamination by pump oil. 
Similarly, the ?lter 25 is situated nearest the substrate 26 of 
all components in the exposure system 2, and thus is most 
susceptible to contamination by molecules of resist released 
from the surface of the substrate 26 during microlitho 
graphic exposure. Accordingly, the detectors 3a, 3b monitor 
respective components that are most susceptible to contami 
nation. 

In each detector 3a, 3b, an appropriate respective voltage 
is applied betWeen the mesh electrodes 31 a and 32a, and 
betWeen the mesh electrodes 31 b and 32b, respectively. 
Passage of electrons through the mesh electrodes reduces the 
energy of electrons emitted from the mirror 23 and ?lter 25, 
respectively. The electrons then complete their journey 
through the respective ?ight tube 33a, 33b and impinge on 
the respective micro-channel plate 34a, 34b. The micro 
channel plates 34a, 34b produce respective output signals 
that are routed outside the exposure system 2 via a respective 
coaxial cable to a processor 4. 
The processor 4 receives data relating to the numbers of 

electrons detected by the respective micro-channel plates 
34a, 34b. The respective states of contamination of the 
mirror 23 and ?lter 25 are detected by measuring the 
respective numbers of electrons Within certain respective 
energy ranges and comparing the measured numbers to 
respective threshold values. To such end, the processor 4 
includes a signal processor 4a, a selector 4b, a comparator 
4c, and a memory 4d, as shoWn in FIG. 5. 
The signal processor 4a receives the output signals from 

the micro-channel plates 34a, 34b, and produces corre 
sponding digital signals Within respective energy ranges. 
The signal processor 4a also can be con?gured to convert the 
output signals from the micro-channel plates into respective 
electron spectra. Since there is a direct correspondence 
betWeen electron energy and an electron’s time of ?ight, as 
described above, the signal processor 4a can be con?gured 
to produce data for electrons Within a pre-selected TOF 
WindoW. 

The selector 4b determines the respective energy ranges 
or TOF ranges Within Which data regarding electrons emitted 
from the surface of the target component are to be processed. 
Such a determination normally is made beforehand from the 
frequency of X-rays emitted from the light-source system 1 
and from the respective substance on the surface of the ?lter 
25 and mirror 23. In the data output from the signal 
processor 4a, the selector 4b selects, for doWnstream 
processing, data corresponding to electrons in the pre 
selected range. The selector 4b outputs data indicating the 
number of detected electrons Within the respective pre 
selected range. The output data are routed to the comparator 
4c. 

In the comparator 4c, the quantity of electrons in the 
pre-selected energy or TOF range, or in data provided by the 
selector 4b, are compared to respective threshold values. If 
the quantity of detected electrons is smaller than the respec 
tive threshold value, then the mirror 23 or ?lter 25 is deemed 
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to be contaminated and requiring replacement or cleaning. 
Such information can be displayed on a display 5. 

The memory 4d stores data concerning speci?ed threshold 
values used by the comparator 4c. Each threshold value 
corresponds to a respective quantity of electrons that Would 
be produced by the surface of the respective optical com 
ponent (e.g., mirror 23 or ?lter 25) at an excessive level of 
contamination (requiring replacement or cleaning of the 
component). Such data can be input into the memory 4d 
beforehand by the user. 

It Will be understood that the data processing, summariZed 
above, performed by the processor 4 (With portions 4a—4a) 
could be performed With equal facility by a computer or 
other CPU. 

In the foregoing description, the key data for comparison 
purposes is number of electrons. It Will be understood that, 
in lieu of number of electrons, comparisons can be made of 
any data having a correlation With number of electrons, such 
as output signals directly from a micro-channel plate. 

In mirrors used in conventional X-ray microlithography 
apparatus, silicon normally is used as the outermost layer in 
order to prevent changes in re?ectivity caused by sur?cial 
oxidation of molybdenum. HoWever, the 2p bond energy of 
silicon is 99 eV, and the photon energy of 13.5-nm X-rays 
is 91 eV. Under such conditions, impingement of X-rays on 
the mirror 23 Would not produce any emitted electrons. 
Accordingly, the mirror 23 of this embodiment desirably 
includes, as an outermost layer, a layer of platinum. To 
minimiZe absorption of incident X-rays While producing a 
sufficient number of electrons, the thickness of the platinum 
layer is no greater than several Angstroms. (For example, a 
platinum layer having a thickness of approximately 5 Ang 
stroms exhibits a drop in re?ectivity of 5%, Which can be 
ignored in practical terms. Furthermore, When platinum is 
irradiated With 13.5-nm X-rays, the bond energy of electrons 
of the 4f level is 74.5 eV (4}‘5/2) and 71.2 eV (4]‘7/2). From 
such a mirror, the emitted photoelectrons have energies of 
approximately 16.5 eV and 19.8 eV, respectively. 

X-rays emitted from the plasma 16 generally have a broad 
range of Wavelengths. HoWever, When such X-rays are 
re?ected by a multi-layer-?lm surface such as the parabolic 
mirror 17, mirrors of the illumination-optical system 21, the 
re?ection reticle 110, and mirror 22, the spectral Width (6)») 
of the X-rays is narroWed. I.e., the spectral Width 6)» is 
limited by the bandWidth of the multi-layer ?lms, so that the 
spectral Width of the X-rays incident on the mirror 23 has a 
bandWidth of 6Mk=approximately 2.5% (Where )L is the 
Wavelength of the incident X-ray). Since the X-ray Wave 
length in this embodiment is 13.5 nm, the spectral Width 6)» 
is 0.34 nm. Hence, 6E=2.3 eV in terms of photon energy. 
Therefore, photoelectrons having a spectral energy Width of 
approximately 2.3 eV, centered on 16.5 eV and 19.8 eV, 
respectively, are produced from the platinum layers on the 
respective mirrors 23, 25. 

Accordingly, among the electrons from the mirrors 23, 25 
detected by the detectors 3a, 3b, the electrons that are 
quanti?ed are those having an energy Within a 2.3-eV 
WindoW centered on 16.5 eV and on 19.8 eV, respectively. 
The quanti?cation is performed, as discussed above, by the 
processor 4. Whenever the quantity of electrons is smaller 
than the threshold value, the need for measures such as 
replacement or cleaning of the respective optical component 
is indicated to the user. 

Therefore, in this embodiment, if electrons cannot be 
produced (at the particular Wavelength of X-ray being used) 
from an X-ray-re?ective optical component that is being 
monitored, then at least a portion of the surface of the optical 
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component is coated With a substance that Will produce 
electrons. The coating substance is different from the sub 
stances used to make the surface re?ective to X-rays. The 
relative area of the surface that is coated must be suf?cient 
to produce a usable number of electrons. 
The coating substance is not limited to platinum. Any of 

various substances can be used so long as the selected 
substance emits inner-shell electrons When irradiated by 
electromagnetic radiation at the particular Wavelength used. 

Furthermore, the coating substance desirably is a material 
having an appropriate escape depth of photoelectrons. As 
seen in FIG. 4, Whenever the emitted electrons from an 
optical component have an energy of approximately 10 eV 
or less, or an energy of several hundred eV or greater‘3 the 
escape depth is relatively deep, i.e., several tens of Ang 
stroms. But, in the range from approximately 30 eV to 100 
eV, the escape depth is only a feW Angstroms. UtiliZing the 
electron-energy dependence of this escape depth, it is desir 
able that the coating substance absorb X-rays, thus causing 
the emitted energy to have an appropriate value. 

Furthermore, in the detectors 3a and 3b in this 
embodiment, if the number of detected electrons is 
insufficient, then an electrostatic lens or magnetic lens (e.g., 
magnetic bottle, etc.) can be used to capture electrons over 
a Wider angle. 
The detector 3b is situated relative to the ?lter 25 in this 

embodiment. But, if the ?lter 25 is not used in the system, 
then the detector 3b can be situated relative to a mirror near 
the resist. 

Representative Embodiment 2 

An X-ray microlithography apparatus according to this 
embodiment differs from Representative Embodiment 1 
only in the processor 4. Components in this embodiment that 
are identical to respective components in Representative 
Embodiment 1 have the same respective reference numerals 
and are not described further. This embodiment can be 
understood by reference to FIG. 5. 

In this embodiment, contamination of selected optical 
components is monitored by selecting electrons (among the 
electrons detected by the micro-channel plates 34a, 34b) 
emitted from contaminant substances predicted to adhere to 
the optical components. With increases in the contaminant 
load on an optical component, the relative quantity of 
electrons emitted from the contaminant substance on the 
component increases until the contaminant ?lm reaches a 
speci?ed thickness. 
The processor 4 in this embodiment revieWs the output 

signals produced by the micro-channel plates 34a, 34b and 
selects signals produced by electrons emitted by the con 
taminant substances. The signals are selected based on the 
predicted contaminant substances and the energy of the 
X-rays radiated by the light-source system 1. Thus, With 
respect to the processor 4 in this embodiment, only the 
selector 4b and comparator 4c differ from corresponding 
components in Representative Embodiment 1. 
The selector 4b selects signals, in the output of the signal 

processor 4a, corresponding to a electrons Within a prede 
termined energy WindoW expected to be emitted from con 
taminant substances on the optical components 23, 25. The 
energy range spanned by the WindoW is determined based on 
the predicted contaminant substances and the energy of 
X-rays produced by the light-source system 1. The selector 
4b outputs data, concerning the number of electrons Within 
the selected range, to the comparator 4c. 

In the comparator 4c, the number of electrons detected in 
the preselected energy range is compared With a pre-stored 
threshold value. 
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If the number of detected electrons is greater than the 
threshold value, then it is inferred that the mirror 23 and/or 
?lter 25 requires replacement or cleaning. This information 
is displayed by the display 5. 

The threshold value stored in the memory 4a' is the same 
as a value representing the quantity of electrons expected to 
be produced from the contaminant substances if the mirror 
23 or ?lter 25 Were in a contaminated state requiring 
replacement or cleaning. 

Until the thickness of contaminant accumulation on the 
mirror 23 or ?lter 25 reaches approximately the escape depth 
of the electrons, the number of electrons in the selected 
energy range is roughly proportional to the amount of 
contaminant substance that has accumulated on the optical 
component. Accordingly, the amount of accumulated con 
taminant substance also can be measured by detecting the 
number of electrons emitted from the contaminant 
substance, as described above. 

Representative Embodiment 3 

An X-ray microlithography apparatus according to this 
embodiment differs from Representative Embodiment 1 
only in the processor 4. Components in this embodiment that 
are identical to respective components in Representative 
Embodiment 1 have the same respective reference numerals 
and are not described further. This embodiment can be 
understood by reference to FIG. 5. 

In this embodiment, among the electrons detected by the 
micro-channel plates 34a, 34b, electrons emitted from the 
substance forming the outermost surface layer of the mirror 
23 or ?lter 25 and electrons emitted from any of various 
contaminant substances predicted to adhere to these optical 
components are selected. The state of contamination of the 
optical components is detected by comparing the respective 
numbers of electrons. More speci?cally, the selector 4b 
selects, from the data output from the signal processor 4a, 
only data relating to the number of electrons emitted from 
the substance forming the outermost surface layer of the 
mirror 23 or ?lter 25 and data relating to the number of 
electrons emitted from candidate contaminant substances. 
The selected data are output to the comparator 4c. 

In the comparator 4c, for each component 23, 25, the ratio 
of the number of electrons emitted from the accumulated 
contaminant to the number of electrons emitted from the 
substance forming the outermost surface layer of the com 
ponent is determined. The need to replace or clean the 
component is judged on the basis of Whether or not the ratio 
exceeds a threshold value. 

Representative Embodiment 4 

An X-ray microlithography apparatus according to this 
embodiment differs from Representative Embodiment 1 in 
that the processor 4 of Representative Embodiment 1 is 
replaced in this embodiment With a substance-identi?er. All 
components of this embodiment that are similar to respec 
tive components of Representative Embodiment 1 have the 
same reference numerals and are not described further. 

More speci?cally, in this embodiment, a spectrum of the 
electrons emitted from the mirror 23 or ?lter 25 is obtained 
from the signals output from the micro-channel plates 34a 
and 34b, respectively. Contaminant substances are identi?ed 
from values of peak electron energies occurring Within the 
spectrum. 
As described above, the energy of emitted photoelectrons 

or Auger electrons is determined by the frequency of light 
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(e.g., X-rays) irradiated from the light-source system 1 and 
by the substance actually irradiated by the light. 
Accordingly, the generating source of the emitted photo 
electrons or Auger electrons can be identi?ed from the 
respective locations and magnitudes of peaks exhibited in 
the obtained electron spectrum. 

Accordingly, this embodiment comprises a substance 
identi?er instead of a processor 4. The substance identi?er 
comprises a component similar to the signal processor 4a of 
Representative Embodiment 1 and includes a database of 
chemical elements and a data processor. The substance 
identi?er acquires data relating to the energy spectrum of 
electrons detected by the micro-channel plates 34a, 34b. The 
substance identi?er detects peak values in the obtained 
electron-spectral data and identi?es the particular substance 
that emitted the electrons having the peak values. For 
comparison purposes, peak pro?les are stored in advance for 
various candidate contaminant compounds. 

In addition to a substance identi?er, this embodiment can 
include a processor 4 as in Representative Embodiment 1. 
With such a con?guration, this embodiment not only iden 
ti?es the speci?c contaminants adhering to the target optical 
components, but also determines the extent of contamina 
tion. 

Representative Embodiment 5 

An X-ray microlithography apparatus according to this 
embodiment is shoWn in FIG. 6. Components in FIG. 6 that 
are similar to corresponding components in Representative 
Embodiment 1 have the same reference numerals and are not 
described further. 
The FIG.-6 con?guration comprises electron-energy ana 

lyZers 7a, 7b instead of the detection systems 3a, 3b, 
respectively, for detecting electrons emitted from the mirror 
23 and ?lter 25, respectively. The electron-energy analyZers 
7a, 7b are mounted in a manner alloWing the analyZers 7a, 
7b to be oriented at a desired angle relative to the mirror 23 
and ?lter 25. 

More speci?cally, the electron-energy analyZers 7a, 7b, 
have a cylindrical con?guration, and have speci?c angular 
ranges (relative to the cylindrical axis) of detection. The 
detection direction can be varied by varying the angle of a 
respective cylindrical axis of an energy analyZer 7a, 7b. 
Adjusting the detection direction alloWs adjustment of the 
detectable depth at Which emitted electrons are generated. 
This angular dependence (relative to the surface of the 
respective optical component) of the detectable depth of 
emitted electrons is shoWn in FIGS. 7(a)—7(b). 

FIG. 7(a) shoWs a situation in Which an energy analyZer 
7 is oriented normal to the surface of a respective optical 
component. In this con?guration, emitted electrons are 
detectable Within a region extending to a depth of d from the 
surface When the optical component is irradiated With 
X-rays. 

FIG. 7(b) shoWs a situation in Which an energy analyZer 
7 is oriented at a small angle 6 (compared to FIG. 7(a)) from 
the surface of the respective optical component. In this 
con?guration, the energy analyZer 7 only can detect emitted 
electrons to a depth of dsin6 from the surface of the 
respective optical component. In both con?gurations (FIGS. 
7(a) and 7(b)), the distance traveled by the electrons through 
the optical component corresponds to the deepest detectable 
position in the component. The deepest detectable position 
is a function of electron escape depth, described above. 
By orienting the energy analyZers 7a, 7b such that their 

respective detection angles are shalloW relative to the sur 
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face of the corresponding optical component, the energy 
analyzers 7a, 7b are made extremely sensitive to the con 
ditions on the surface of the respective optical component. 
As a result, only electrons emitted from a shalloW region 
beloW the surface of the respective optical component are 
detected. 

In a case in Which absorption of X-rays by the contami 
nant substances is small (such that absorption of X-rays is 
not a problem unless the contaminant substances adhere 
someWhat thickly to the target optical components), it is 
desirable to install the energy analyZers 7a, 7b in a more 
normal orientation to the respective optical components. In 
any event, the angles of the energy analyZers 7a, 7b desir 
ably are adjustable so that emitted electrons can be detected 
to a desired depth. This con?guration (in Which the orien 
tation of a detector can be changed relative to its respective 
optical component) can be applied With equal facility to 
other embodiments of the invention. 

Referring further to FIG. 6, this embodiment also com 
prises light sources 301a, 301b for use during inspections. 
The light sources 301a, 301b are situated and con?gured to 
irradiate the mirror 23 and ?lter 25, respectively, With 
high-intensity X-rays so that photoelectrons or Auger elec 
trons from the mirror 23 and ?lter 25, respectively, can be 
detected in suf?cient quantities. Each of the inspection light 
sources 301a, 301b desirably comprises an individual X-ray 
tube With aluminum electrodes to produce X-rays of the KO. 
line of aluminum. The KO. line has a high photon energy and 
is capable of eXciting and causing emission of inner-shell 
electrons of almost all substances. 

During operation of an X-ray microlithography apparatus 
according to any of the foregoing representative 
embodiments, if for eXample the mirror 23 is freshly cleaned 
or neW, then only the electron spectrum of the sur?cial layer 
(e.g., silicon or platinum) is produced. As the apparatus is 
used, contaminant(s) (e.g., oil from the vacuum pump 212) 
are deposited on the mirror 23. The gradual accumulation of 
such a deposit causes the optical performance of the mirror 
23 (e.g., re?ectivity or transmissivity) to deteriorate gradu 
ally. HoWever, the deposits cause the appearance of the 
distinct electron spectrum of carbon- and oxygen-containing 
components of the oil adhering to the mirror 23. The amount 
of contaminant(s) adhering to the mirror 23 is ascertained 
from the intensity of the distinct photoelectron spectra. From 
data concerning the amounts, Whether or not to clean or 
replace the mirror 23 can be determined. 

Apparatus according to the invention are not limited to 
apparatus 10 that include a source of X-rays. The subject 
apparatus can include apparatus having no X-ray source. 

Furthermore, the “light” source used to make determina 
tions of contaminants of optical components is not limited to 
an X-ray source. 

Any light source can be used With Which it is possible to 
obtain emission of electrons Whenever a target optical ele 
ment and/or contaminant substance is irradiated by the 
source. For eXample, irradiation alternatively can be per 
formed using an electron beam or ultraviolet light beam. If 
an ultraviolet light source is used, then the light source 
desirably emits light having a line spectrum. 

The electrons excited by being irradiated are not limited 
to inner-shell electrons. Outer-shell electrons also may be 
eXcited and emitted, and counted. 

If the “light” source 10 is not pulsed, then detectors 3a, 3b 
other than those described in Representative Embodiment 1 
can be used, such as an electrostatic concentric 
hemispherical analyZer or cylindrical-mirror analyZer. These 
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alternative detectors commonly are used for detecting pho 
toelectrons or Auger electrons. Another alternative type of 
detector is a retarding ?eld analyZer. 

In the embodiments described above, the state of con 
tamination of the mirror 23 and ?lter 25 (situated closest to 
the vacuum pump 212 and substrate 26) Were monitored. 
Alternatively or in addition, other optical components can be 
monitored. By monitoring multiple optical components, it is 
possible to determine separate replacement or cleaning times 
independently for the respective components, according to 
their different rates and types of contaminant accumulation. 
By applying an apparatus according to the invention to the 

manufacture of semiconductor devices, it is possible to 
eliminate having to stop operation of the apparatus to 
perform routine inspection of the optical components. Elimi 
nating such a step can improve throughput. 

In certain con?gurations discussed above, the state of 
contamination Was detected by determining peak intensities 
of the detected electron spectrum. Alternatively, it is pos 
sible to detect a state of contamination by monitoring 
variations in a spectrum or changes in the pro?le of a 
spectrum. 
As an alternative to an LPX, the light-source system 1 can 

comprise a synchrotron-radiation source or discharge 
plasma source such as a dense plasma focus or Z-pinch 
plasma source. 

In general, as described above, apparatus according to the 
present invention make it possible to measure or estimate the 
state of contamination of optical components, and can be 
used in conjunction With any of various optical systems. As 
a result, the replacement and cleaning of the optical com 
ponents can be performed ef?ciently. 
Whereas the invention has been described in connection 

With multiple representative embodiments, it Will be under 
stood that the invention is not limited to those embodiments. 
On the contrary, the invention is intended to encompass all 
modi?cations, alternatives, and equivalents as may be 
included Within the spirit and scope of the invention, as 
de?ned by the appended claims. 
What is claimed is: 
1. An apparatus for measuring accumulation of a con 

taminant substance on a surface of an optical component 
that, during use, is irradiated With radiation, the apparatus 
comprising contaminant-measuring means situated and con 
?gured to detect electrons emitted by the optical com 
ponent in response to the optical component being irradiated 
With the radiation; (ii) of the detected electrons, select 
electrons in a speci?ed energy range; and (iii) obtain a 
measurement of the detected electrons in the speci?ed 
energy range so as to obtain a measurement of a correspond 
ing amount of accumulated contaminant substance on the 
optical component. 

2. The apparatus of claim 1, Wherein the measurement 
pertains to a quantity of electrons in the speci?ed energy 
range. 

3. The apparatus of claim 1, Wherein said contaminant 
measuring means detects electrons emitted from an irradi 
ated surface of the optical component. 

4. The apparatus of claim 1, Wherein said contaminant 
measuring means comprises irradiation means for irradiat 
ing the optical component. 

5. The apparatus of claim 1, Wherein said contaminant 
measuring means comprises detection means for detecting 
electrons emitted from the optical component and producing 
an output signal having a parameter corresponding to a 
detected parameter of the electrons Within the speci?ed 
energy range. 
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6. The apparatus of claim 5, wherein the detected param 
eter is time of ?ight of the electrons. 

7. The apparatus of claim 1, Wherein: 
the optical component comprises a sur?cial material; and 
the energy range is speci?ed based on a characteristic of 

the sur?cial material and on an energy parameter of the 
radiation. 

8. The apparatus of claim 1, Wherein the energy range is 
speci?ed based on a particular contaminant substance pre 
dicted to accumulate on the optical component and on an 
energy parameter of the radiation. 

9. The apparatus of claim 1, Wherein: 
the optical component comprises a sur?cial material; 
said contaminant-measuring means comprises substance 

identi?cation means con?gured to produce a spectrum 
of detected electrons in the speci?ed energy range, the 
spectrum being based on the sur?cial material, the 
particular contaminant substance that could accumulate 
on the sur?cial material, and on an energy parameter of 
the radiation; and 

said substance-identi?cation means is con?gured to iden 
tify the contaminant substance by evaluating respective 
positions and magnitudes of one or more spectral peaks 
in the spectrum. 

10. The apparatus of claim 1, Wherein: 
said contaminant-measuring means comprises substance 

identi?cation means con?gured to produce a spectrum 
of detected electrons in the speci?ed energy range, the 
spectrum being based on the sur?cial material, the 
particular contaminant substance that could accumulate 
on the sur?cial material, and on an energy parameter of 
the radiation; 

the speci?ed energy range includes a ?rst energy range 
based on a characteristic of the sur?cial material and on 
an energy parameter of the radiation, and a second 
energy range based on a particular contaminant sub 
stance predicted to accumulate on the optical compo 
nent and on the energy parameter of the radiation; and 

said substance-identi?cation means is further con?gured 
to determine respective numbers of electrons in each of 
the ?rst and second energy ranges. 

11. The apparatus of claim 10, Wherein: 
said contaminant-measuring means detects electrons in 

the ?rst energy range so as to produce a ?rst signal, and 
detects electrons in the second energy range so as to 
produce a second signal; and 

said contaminant-measuring means obtains a measure 
ment of a state of contamination of the optical com 
ponent by comparing the ?rst and second signals. 

12. The apparatus of claim 1, Wherein: 
said contaminant-measuring means comprises detection 
means for detecting electrons emitted Within a speci?ed 
angular range from the optical component and produc 
ing an output signal having a parameter corresponding 
to a detected parameter of the electrons Within the 
speci?ed energy range; and 

said contaminant-measuring means comprises means for 
varying a detection angle of said detection means 
relative to the optical component. 

13. An apparatus for measuring accumulation of a con 
taminant substance on a surface of an optical component 
that, during use, is irradiated With radiation, the apparatus 
comprising: 

a detector situated relative to the optical component so as 
to receive electrons emitted by the optical component 
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in response to the optical component being irradiated 
With the radiation, the detector being con?gured to 
detect the electrons emitted from the optical component 
and produce a corresponding output signal; and 

a processor connected to the detector, the processor being 
con?gured to select, for data processing by the 
processor, at least a portion of the output signal corre 
sponding to detected electrons in a speci?ed energy 
range, and to determine a measurement of the detected 
electrons in the selected energy range. 

14. The apparatus of claim 13, Wherein the electrons are 
selected from the group consisting of photoelectrons and 
Auger electrons. 

15. The apparatus of claim 13, Wherein the detector is 
con?gured to detect the electrons by time of ?ight of the 
electrons. 

16. The apparatus of claim 13, Wherein the speci?ed 
energy range is determined based on a characteristic of a 
material from Which the optical component is made and on 
an energy characteristic of the radiation. 

17. The apparatus of claim 16, Wherein: 
the optical component is a ?lter or multi-layer mirror; and 
the material is con?gured as an outermost layer of the 

?lter or mirror. 
18. The apparatus of claim 17, Wherein the material can 

emit inner-shell electrons When irradiated by radiation. 
19. The apparatus of claim 13, Wherein the radiation is 

selected from a group consisting of electromagnetic radia 
tion and charged-particle-beam radiation. 

20. The apparatus of claim 19, Wherein the radiation is 
X-ray radiation. 

21. The apparatus of claim 13, Wherein the speci?ed 
energy range is determined based on a characteristic of a 
contaminant substance predicted to accumulate on the opti 
cal component and on an energy characteristic of the radia 
tion. 

22. The apparatus of claim 13, Wherein: 
the detector comprises a substance identi?er that produces 

a spectrum of electrons Within the speci?ed energy 
range; 

the speci?ed energy range is determined based on a 
characteristic of a material from Which the optical 
component is made and on an energy characteristic of 
the radiation; and 

the processor determines peak values Within the spectrum 
and identi?es the contaminant substance accumulating 
on the optical component from the peak values of the 
spectrum. 

23. The apparatus of claim 13, Wherein the processor 
comprises a signal processor con?gured to process the 
output signal; a selector connected to the signal processor 
and con?gured to determine the speci?ed energy range; a 
comparator connected to the selector and con?gured to 
compare a detected quantity of electrons in the speci?ed 
energy range to a threshold value; and a memory connected 
to the comparator and con?gured to store data corresponding 
to the threshold value. 

24. With respect to an optical system comprising an 
optical component having a surface that, during use, is 
irradiated With radiation, a method for measuring accumu 
lation of a contaminant substance on the surface, the method 
comprising: 

(a) directing a beam of radiation to impinge on the 
surface, the radiation being of a quality that causes the 
surface to emit electrons in response to being irradiated 
With the radiation; 
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(b) detecting the electrons emitted from the surface; 
(c) of the detected electrons, selecting electrons in a 

speci?ed energy range; and 
(d) measuring the detected electrons in the speci?ed 

energy range so as to obtain a measurement of a 

corresponding amount of accumulated contaminant 
substance on the surface. 

25. The method of claim 24, Wherein, in step (a), the beam 
comprises radiation selected from the group consisting of 
X-rays, ultraviolet light, and charged particles. 

26. The method of claim 24, Wherein step (d) comprises 
quantifying the electrons in the speci?ed energy range. 

27. The method of claim 24, Wherein step (b) comprises 
detecting electrons selected from the group consisting of 
photoelectrons and Auger electrons. 

28. The method of claim 24, Wherein: 

step (d) is performed ?rst and second times, Wherein the 
second time is later than the ?rst time and the optical 
component is used betWeen the ?rst and second times; 
and 

the method further comprises comparing respective mea 
surements of electrons obtained in the ?rst and second 
times. 

29. The method of claim 24, Wherein step (d) comprises 
comparing a detected quantity of electrons in the speci?ed 
energy range to a threshold value, and determining Whether 
the detected quantity eXceeds the threshold value. 

30. The method of claim 24, Wherein step (b) comprises 
determining time of ?ight of the electrons. 

31. The method of claim 24, Wherein step (d) comprises 
producing a spectrum of detected electrons in the speci?ed 
energy range, and evaluating respective positions and mag 
nitudes of one or more spectral peaks in the spectrum. 

32. The method of claim 31, Wherein: 

step (c) comprises selecting electrons in a ?rst energy 
range and selecting electrons in a second energy range, 
the ?rst energy range being based on a characteristic of 
a material from Which the surface is made, and the 
second energy range being based on a characteristic of 
a contaminant substance predicted to accumulate on the 
optical component during use; and 

step (d) comprises determining respective numbers of 
electrons in each of the ?rst and second energy ranges. 

33. The method of claim 32, further comprising the step 
of comparing the respective detected numbers of electrons in 
the ?rst and second energy ranges. 

34. The method of claim 24, Wherein step (b) comprises 
detecting electrons emitted Within a speci?ed angular range 
from the optical component. 

35. In an optical apparatus in Which a surface of an object 
is irradiated With X-rays, a device for monitoring accumu 
lation of a contaminant substance on an optical component 
of the optical apparatus, the device comprising: 
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an illumination-optical system situated and con?gured to 

direct a beam of X-rays, from an X-ray source, along a 
trajectory leading to the optical component; 

a detector situated relative to the optical component so as 
to receive electrons emitted by the optical component 
in response to the optical component being irradiated 
With the beam of X-rays, the detector being con?gured 
to detect the electrons emitted from the optical com 
ponent and produce a corresponding output signal; and 

a processor connected to the detector, the processor being 
con?gured to select at least a portion of the output 
signal corresponding to detected electrons in a speci?ed 
energy range, to determine a measurement of the 
detected electrons in the selected energy range, and to 
determine an amount of sur?cial contamination of the 
optical component With the contaminant substance 
from the measurement. 

36. The apparatus of claim 35, con?gured as an X-ray 
microlithography apparatus. 

37. The apparatus of claim 36, further comprising a 
projection-optical system and a reticle, Wherein the optical 
component is the reticle or in the projection-optical system. 

38. The apparatus of claim 37, Wherein the optical com 
ponent is an X-ray-re?ective mirror. 

39. The apparatus of claim 38, further comprising a 
vacuum chamber enclosing the projection-optical system, 
the vacuum chamber being connected via an evacuation port 
to a vacuum pump, Wherein the optical component is situ 
ated adjacent the evacuation port. 

40. The apparatus of claim 39, Wherein the optical com 
ponent is situated in the projection-optical system adjacent 
a substrate eXposed by the X-ray beam. 

41. The apparatus of claim 40, Wherein the substrate is 
coated With a resist. 

42. In a method for performing microlithography of a 
substrate With a pattern, de?ned by a reticle, using an energy 
beam passing through an optical system, a method for 
measuring accumulation of a contaminant substance on a 
surface of an optical component of the optical system, the 
method comprising: 

(a) directing a beam of radiation to impinge on the 
surface, the radiation being of a quality that causes the 
surface to emit electrons in response to being irradiated 
With the radiation; 

(b) detecting the electrons emitted from the surface; 
(c) of the detected electrons, selecting electrons in a 

speci?ed energy range; and 
(d) measuring the detected electrons in the speci?ed 

energy range so as to obtain a measurement of a 

corresponding amount of accumulated contaminant 
substance on the surface. 

43. The method of claim 42, Wherein the energy beam and 
radiation beam are X-ray beams. 
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